Background: An emerging body of evidence suggests that ambient levels of air pollution during pregnancy are associated with preterm birth. Methods: To further investigate these relationships we used vital record data to construct a retrospective cohort of 476,489 births occurring between 1994 and 2004 in 5 central counties of metropolitan Atlanta. Using a time-series approach, we examined aggregated daily counts of preterm birth in relation to ambient levels of carbon monoxide, nitrogen dioxide, sulfur dioxide, ozone, particulate matter Ͻ10 m in diameter (PM 10 ), particulate matter Ͻ2.5 m in diameter (PM 2.5 ), and speciated PM measurements. Daily pollutant levels in 5-county Atlanta were characterized using a populationweighted spatial average of air quality monitors in the study area. We also examined ambient concentrations at individual monitors in analyses limited to mothers with residential geocodes within 4 miles of each monitor. Relationships between average pollution levels during 3 gestational windows of interest were modeled using Poisson generalized linear models. Results were adjusted for seasonal and long-term time trends. Results: Although most results were null, there were 3 positive associations between ambient pollution levels and preterm birth in the 4-mile capture-area analyses. Daily preterm birth rates were associated with average NO 2 concentrations in the preceding 6 weeks and with average PM 2.5 sulfate and PM 2.5 water-soluble metal concentrations in the preceding week.
P reterm birth (before 37 weeks of gestation) is a leading cause of infant morbidity and mortality, affecting 13% of births in the United States in 2005. 1 An emerging body of evidence suggests that ambient levels of air pollution may play a role in the incidence of preterm birth. [2] [3] [4] However, the gestational window of susceptibility has not been consistent across studies, with associations most commonly reported for exposures during early pregnancy (the first month or first trimester) [5] [6] [7] [8] [9] or in late pregnancy (the third trimester, the last 6 weeks, the last month, the last week). 5,7,8,10 -14 Previous studies have also been inconsistent regarding the specific pollutants associated with preterm birth, although most studies suggest associations with ambient measures of particulate matter (PM). [5] [6] [7] [8] [11] [12] [13] [14] Sulfur dioxide (SO 2 ), as well as traffic related pollutants such as nitrogen dioxide (NO 2 ) and carbon monoxide (CO), have also been associated with preterm birth in several studies. 5,8 -16 Although the pathophysiology of preterm birth remains poorly understood, evidence suggests a role for inflammatory pathways as well as implantation errors in early pregnancy. 17 Both of these pathways offer plausible mechanisms by which air pollution could increase the risk of preterm birth. Air pollution levels in the weeks following conception could disrupt implantation and placentation and increase the risk of preterm birth through suboptimal placental function. In late pregnancy, high levels of air pollution could activate either an acute or sustained inflammatory response leading to the initiation of early labor.
To investigate the relationship between ambient air pollution during gestation and the incidence of preterm birth, we conducted a time-series analysis in the central 5 counties of metropolitan Atlanta during 1994 -2004 . In addition to the US Environmental Protection Agency (EPA) criteria pollutants (ozone ͓O 3 ͔, SO 2 , NO 2 , CO, PM 10 , PM 2.5 ), we investigated speciated particle measurements that are rarely available on a daily basis and have not been previously assessed in relation to preterm birth. We focused on 3 gestational windows of exposure based on findings from previous air pollution studies, as well as current hypotheses about biologic mechanisms leading to preterm birth: the first month of gestation, the final week of gestation, and the final 6 weeks of gestation.
METHODS

Study Population
We obtained vital record data for births to mothers residing in 5-county metropolitan Atlanta (Cobb, Clayton, DeKalb, Fulton and Gwinnett) from the Office of Health Research and Policy, Georgia Division of Public Health. The study area, shown in Figure 1 , included 1752 square miles (4538 km 2 ), an area with a radius 16 miles (26 km) at its narrowest and 32 miles (52 km) at its widest. The cohort included singleton births without major structural birth defects between 1 January 1994 and 31 December 2004 who reached at least 20 weeks of gestation. We further restricted inclusion to Hispanic, non-Hispanic black, non-Hispanic white, or Asian infants with complete data on maternal marital status and education. After exclusions, 476,489 of 509,776 births (93%) were eligible for analysis. There were 387,123 eligible births after 1 January 1996, when daily PM 10 monitoring data began, and 293,688 eligible births after 1 August 1998, when PM 2.5 and speciated PM monitoring began.
Outcome Definition
Preterm birth was defined as a live birth before gestational week 37; the earliest live births were recorded at 20 weeks. For 98.5% of the cohort, gestational age was calculated using the reported date of the last menstrual period (LMP). For women whose LMP date was missing or implausible (Ͻ20 or Ͼ44 weeks), the clinical estimate of gestational age was substituted (1.4% of births). For the remaining 0.1% of records without a valid LMP date or clinical estimate, we used the gestational age estimated by the Georgia Division of Public Health based on infant birth weight. Because medically indicated preterm birth and spontaneous preterm birth share many risk factors, we included induced preterm births in our primary analysis. 18, 19 However, we also conducted sensitivity analyses excluding inductions to assess the robustness of results.
The outcome definition differed slightly depending on the air pollution exposure window being investigated. For the late pregnancy windows, the population was limited to infants who reached at least 29 weeks' gestation. This was based on our a priori hypothesis that the acute effects of air pollution would be unlikely to induce extreme preterm birth at less than 29 weeks. For the first month of gestation exposure window assessment, all preterm births between 20 and 36 weeks were included, based on the hypothesis that disruption of the implantation and placentation process early in pregnancy could increase vulnerability to both extreme and moderate prematurity.
Counts of preterm birth were determined for each day, aggregated either by conception date or birth date depending on the exposure window being investigated. The daily counts of preterm birth (numerator) were offset by the number of pregnancies at risk for preterm birth each day (denominator). Calculation of the pregnancy risk set also differed by exposure window and is described in detail below.
Ambient Air Quality Data
We obtained ambient air pollution levels from 3 sources: (1) the US EPA Air Quality System, (2) the Georgia Institute of Technology PM 2.5 network, 20 and (3) the Aerosol Research and Inhalation Epidemiology Study (ARIES) monitor located near downtown Atlanta. 21 The daily air metrics obtained included 1-hour maximum CO, NO 2 , and SO 2 , 8-hour maximum O 3 , and 24-hour average PM 10 , PM 2.5 , PM 2.5-10 , and PM 2.5 components. Monitoring instrumentation and methods used are described in the online appendix (eTable 1, http://links.lww.com/A1087).
For CO, NO 2 , SO 2 , O 3 , PM 10 , and PM 2.5 , we calculated daily population-weighted spatial averages using methods described by Ivy and colleagues (see eAppendix, http://links.lww.com/A1087) . 22 This approach used all monitoring data available for each pollutant on a given day within the 20-county metropolitan Atlanta area and yielded a daily spatial composite metric robust to missing data at individual monitoring sites. There were 5 CO monitors, 6 NO 2 monitors, 5 SO 2 monitors, 5 O 3 monitors, 9 PM 10 monitors, and 11 PM 2.5 monitors used to calculate the daily spatial averages. For the coarse PM measurements (PM 2.5-10 ) and PM 2.5 component measurements (PM 2.5 sulfate, PM 2.5 nitrate, PM 2.5 organic carbon, PM 2.5 elemental carbon, PM 2.5 total carbon, and PM 2.5 water-soluble metals), daily measurements from the centrally located ARIES monitor were used. We imputed missing ozone values for 6 winter months between 1994 and 1996 using results from a statistical model in which temperature and week of year predicted the population-weighted ozone concentrations. Ozone values calculated using this imputation model were highly correlated with the population-weighted spatial average ozone values in winters after 1996 when ozone was monitored (r ϭ 0.79 for 1-week averages).
Exposure Assignment
To calculate exposures for each study date in the time series, we averaged the daily spatial average pollutant values over the exposure window of interest. For late pregnancy exposure windows, air pollution assigned to each day represents the average pollution levels in the 6 weeks leading up to the study day, or the 1 week leading up to the study day. For the 1-month window, for which we analyzed preterm counts by conception date, each study day was assigned the average pollution level in the subsequent 28 days (ie, pollution during the first month of gestation).
In a complementary approach, we created spatial capture areas around each monitor and conducted monitorspecific time-series analyses for the cohort of births with residential geocodes within 4 miles of each station. This approach allowed for the possibility that ambient measurements close to the maternal residential address better correlate with personal exposures, particularly for primary pollutants which are more spatially heterogeneous (eg, SO 2 , CO, NO 2 ). Maternal addresses within 4 miles of 2 or more stations were assigned to the closest monitor. We limited the monitorspecific analyses to monitors that recorded daily pollutant concentrations; PM 2.5 and PM 10 monitors that recorded concentrations only every 3 or 6 days were excluded. In all analyses, exposure was set to missing when more than 15% of days in the averaging window were missing pollutant measurements, with the exception of the imputed spatial average winter ozone values described above.
Analytic Approach
Preterm births were aggregated into daily counts and analyzed using Poisson generalized linear models. Pollutants were examined as continuous variables in single-pollutant models, using scaled variance estimates to account for overdispersion. In the capture-area approach, separate time-series analyses were performed for the population surrounding each monitor, and effect estimates were pooled into a summary risk ratio using inverse-variance weights.
Because ambient air pollution levels exhibit strong seasonal variation, and the incidence of preterm birth may also vary by season, 23 we controlled for seasonal trends using parametric cubic splines. We constrained the seasonal spline parameters in the model to be the same across all study years by including a day of year spline (day ϭ 1-365) with 12 monthly knots. In our descriptive analyses, we found that births in April-May (conceptions in July-August) were more likely to be non-Hispanic white, and to married, collegeeducated mothers. 24 Because these sociodemographic factors are related to the risk of preterm birth, we accounted for these seasonal trends explicitly by modeling temporal associations within racial, educational and marital status groups. Thus, each study day had multiple observations representing the counts of preterm birth within racial, educational, and marital status strata. Accounting for these subtle trends directly allowed the day-of-year spline to adjust for other seasonal influences on the risk of preterm birth. We also smoothly adjusted for long-term temporal trends in preterm birth using a second cubic spline with knots on 30 June of each year.
First Month of Gestation Exposure Window
To examine whether high pollution levels during the first month of gestation increase the risk of later preterm birth, births were aggregated by conception date (assumed to be 14 days after the LMP date) and each conception date was assigned the average pollution over the subsequent 4 weeks (ie, during the first month of gestation). Models took the form:
where Y t,r,k,m represents the number of conceptions on day t within stratum of race r, education k and marital status m who were eventually born preterm. The count was offset by the total number of conceptions on day t within the same racial, educational, and marital status strata.
Late Gestation Exposure Windows
To investigate the hypothesis that high pollution levels in late pregnancy trigger preterm birth, preterm birth counts were aggregated by birth date rather than at a specific gestational age (eg, conception). The denominator used to calculate daily rates of preterm birth included all ongoing gestations in utero at risk for preterm birth on a given day. A fetus enters the risk set at 29 weeks' gestation and exits the risk set either on the date of preterm birth or at 37 completed weeks' gestation; at 37 weeks' gestation a fetus is censored from the analysis because it is no longer at risk for the outcome. Exposure assigned to each day in the time series was a lagged moving average of pollution in the previous one week or 6 weeks. Due to seasonal differences in the gestational age distribution of the risk set, 24 we further subdivided each day's preterm birth counts and risk set by gestational week, calculating a numerator of preterm birth counts within each gestational week between 29 and 36 weeks and a corresponding denominator of ongoing pregnancies in the same gestational week.
The models took the following form:
where Y t,w,r,k,m represents the number of preterm births on day t, in gestational week w, within stratum of infant race r (non-Hispanic black, non-Hispanic white, Hispanic, Asian), maternal education k (Ͻ12 years, 12-15 years, 16ϩ years), and maternal marital status m (married, unmarried). The offset (denominator) is the natural log of the number of ongoing pregnancies on day t, in gestational week w within strata of race (r), education (k), and marital status (m). The pollutant concentration represents either the lagged moving average concentration in the Atlanta area over the previous 6 weeks, or 7 days corresponding to the 6 weeks or one week before the preterm births on each day of follow-up. The product terms allow for interaction between sociodemographic variables (race, education, and marital status) and gestational age because the risk of preterm birth at various gestational weeks differed by these factors. 17 Although weekend status is not associated with weekly pollution averages and therefore not a confounder, it was a strong temporal predictor of the outcome, particularly for the subset of induced preterm births; inclusion in the model reduced Poisson overdispersion and, as a consequence, slightly improved precision.
For all exposure windows, we conducted sensitivity analyses evaluating the robustness of results to more and less stringent control for long-term and seasonal trends, control for temperature and dew point over the exposure window of interest, and use of a central monitor instead of a populationweighted spatial average to assign exposure. We also conducted stratified analyses by race, marital status and maternal education to observe whether results were consistent across these factors. Risk ratios (RRs) and corresponding 95% confidence intervals (CIs) were computed. We conducted all analyses using SAS version 9.1 (SAS Institute Inc., Cary, NC).
RESULTS
Maternal and infant characteristics of the 5-county cohort and the cohort of births within 4 miles of a monitor are displayed in Table 1 . Relative to the 5-county cohort, the cohort of births within 4 miles of a monitor had a higher percentage of preterm births (11.7% vs. 10.3%) and were more likely to be black (57% vs. 40%). Mothers were less likely to be married (50% vs. 65%), and had fewer years of education (mean of 12.6 years vs. 13.2 years). On average, there were 12.2 preterm births per day, with 48,843 preterm births (10.3%) over the study period.
Descriptive statistics of the 5-county pollutant averages for each exposure window are presented in Table 2 . The table includes the number of observation days used in each analysis, which differed by the availability of air quality data, and by the time period for which all fetuses at risk could be identified (ie, without birth data from 2005, the in utero fetuses at risk in late 2004 could not be fully identified). An online appendix provides correlations between the pollutants for each averaging window as well as descriptive statistics of daily pollutant levels, overall and by season (eTables 2-6, http://links.lww.com/A1087).
Five-county Analysis
Results of the 5-county analysis are presented in Table  3 . Risk ratio estimates correspond to the relative increase in risk for an interquartile-range (IQR) increase in windowspecific pollutant levels (IQRs shown in Table 2 ). Results were generally consistent with little or no association. There were negative associations between preterm birth rates and SO 2 in the first month of gestation and the 6-week lagged moving average of PM 2.5 sulfate. Over the study period, there was a long-term decreasing trend in pollution levels and slight increase in preterm birth rates. We controlled for these long-term trends using cubic splines with one knot per year; we did not find evidence for residual confounding by these long-terms trends in sensitivity analyses utilizing more and less stringent temporal control. Other sensitivity analyses, including the analysis excluding induced preterm births, did not meaningfully change the results. Stratification by race, maternal education, and marital status did not suggest effect modification by these variables. When we examined whether the model residuals were correlated on neighboring days within strata, there was no suggestion of appreciable autocorrelation.
Capture-area Analysis
Results for the population of pregnancies within 4 miles of a monitor are presented in Table 4 . Overall effect estimates for each pollutant were obtained using an inverse-variance weighted average of the effect estimates at each monitor, and are scaled to the same IQR values used in the 5-county analysis ( Table 2 ). The number of monitor-specific analyses included in the pooled estimate and the number of births captured by the 4-mile buffers for each pollutant are also shown in Table 4 . Observed effect estimates at each monitor are available in the online appendix (eTable 6, http://links.lww.com/A1087). We observed a positive association of preterm birth rates with PM 2.5 sulfate in the Counts aggregated by birth date, offset by gestations at risk, pollution corresponds to the one week and 6 weeks before the preterm births on each day of follow-up, Poisson models control for long-term trends, seasonal trends, race/ethnicity, marital status, education, gestational week and interaction between gestational week and maternal characteristics. Extremely preterm births Ͻ29 weeks are excluded. c RRs and 95% CIs correspond to an IQR increase in pollutant value for each exposure window reported in Table 2 . d Water-soluble metal index includes the following water soluble metals: chromium, copper, iron, manganese, nickel, and vanadium. for the 6-week window are shown in Figure 2 . The wider confidence intervals at the ARIES monitor reflect, in part, the shorter duration of monitoring at that site. Similar associations were observed in the analysis excluding induced preterm births.
DISCUSSION
We investigated the relationship between 13 ambient air pollutants during 3 gestational windows and the incidence of preterm birth. Most of the 78 relationships examined were consistent with little or no association. However, 3 air pollutants were associated with higher risk in the capture-area approach: NO 2 in the 6 weeks before birth, PM 2.5 sulfate in week before birth and PM 2.5 water-soluble metals in the week before birth. In contrast, 2 pollutants were associated with lower risk in the larger five-county analysis: PM 2.5 sulfate in the 6 weeks before birth and SO 2 in the first month of gestation. (It should be noted that point-source plume touchdowns lead to considerable spatial heterogeneity of SO 2 concentrations in Atlanta.) 25 Most previous studies have used spatio-temporal contrasts of exposure, comparing pregnant women across both space and time. Residual confounding by spatially-varying individual risk factors such as socioeconomic status (which can be difficult to quantify and adequately control) is a concern. 26 To reduce the plausibility of confounding by individual-level risk factors, we conducted a temporal analysis in which comparisons were made across days within the same location. Furthermore, we were able to incorporate finer spatial resolution of ambient air pollution concentrations, using population capture areas around each monitor, while still maintaining the purely temporal nature of the analysis.
It is possible that the finer spatial scale of exposure assignment provided by the capture-area approach better approximated exposures for mothers living near the monitor, particularly for primary pollutants such as NO 2 . 25 Although this approach is intuitively appealing, it is unclear whether the closest monitor better approximates personal exposures when compared with a city-wide metric. 27, 28 Pregnant women may spend a large portion of their day away from their residence, and with a recent study showing that 22% of women in Atlanta change residences during pregnancy, 29 exposure assignment based on the residence at time of birth is problematic for assessment of early gestational windows. For spatially homogenous pollutants such as O 3 and PM 2.5 sulfate, which have strong spatial correlations, the 5-county population-weighted average may provide a better measure of population average exposure while permitting analysis of the entire birth cohort.
Differences in results from the 2 approaches may also reflect differences in population susceptibility. Mothers residing near a monitor were more likely to be black, less educated, unmarried, and were at an overall higher risk of preterm birth. Increased sensitivity to the adverse effects of air pollution in lower socioeconomic (SES) groups could be explained by a lack of access to health care, nutritional deficiencies, 30 or concurrent exposure to other occupational and environmental hazards. Effect modification by SESrelated characteristics could also act indirectly through better exposure assessment in individuals who have less access to air conditioning, live in older inner-city housing with greater pollutant infiltration, 31 have occupations or activity patterns that involve more time spent outdoors, or are less likely to change residences in response to a growing family. However, when we stratified the 5-county population by available SES-related variables, such as race, maternal education, and marital status, results did not suggest effect modification by these variables.
One positive association observed in the capture area but not in the 5-county approach was for PM 2.5 sulfate, perhaps the most spatially homogeneous pollutant we analyzed. 25 Although PM 2.5 sulfate was measured at only one monitor (ARIES), total PM 2.5 is strongly correlated with PM 2.5 sulfate (r ϭ 0.84) and was monitored at 6 stations. Although the risk ratio for PM 2.5 at the ARIES monitor was also elevated at 1.06 (95% CI ϭ 0.98 -1.14), the pooled estimate for one-week lagged PM 2.5 was 1.00 (0.96 -1.03). This suggests that the PM 2.5 sulfate association may not have been consistent across monitoring stations or subpopulations living near the monitors. In contrast, PM 2.5 water-soluble metals are more spatially heterogeneous, and it is possible that the capture-area approach provided a better exposure FIGURE 2. Monitor-specific adjusted risk ratios (circles) and 95% CIs (vertical bars) for preterm birth associated with a 5 ppb increase in NO 2 levels in the preceding 6 weeks. Adjusted for long term trends, seasonal trends, race/ethnicity, marital status, education, gestational week and interaction between gestational week and maternal characteristics. Monitoring time periods: Georgia Tech 1/94 -12/04, Jefferson St. 8/98 -12/04, South DeKalb 1/94 -12/04, Tucker 4/95-12/04. estimate compared with the 5-county approach. However, in light of the number of associations examined, and the fact that these PM 2.5 constituents have not been previously assessed in relation to preterm birth, these associations warrant cautious interpretation and assessment in other populations.
The positive association between NO 2 in late pregnancy and preterm birth is perhaps more compelling. Effect estimates were similar across the 4 individual NO 2 monitors, and the spatial heterogeneity of this primary pollutant could explain why an association was not observed in the fivecounty analysis. Previous studies investigating NO 2 in late pregnancy have yielded mixed results. Associations between preterm birth and ambient levels of NO 2 in late pregnancy have been observed in the Czech Republic 5 and Korea, 8 but not in Los Angeles, 11 Sydney, 15 or Brisbane. 6 In Vancouver, the association between NO 2 in the last 4 weeks of gestation and preterm birth was suggestive (RR ϭ 1.08 ͓95% CI ϭ 0.99 -1.17 per 10 ppb͔). 10 As in any study of ambient air pollution, the specific pollutants examined may serve as surrogates for other unmeasured (or less well measured) pollutants. Several studies have observed associations between preterm birth and traffic sources or traffic-related pollutants other than NO 2 . 7, 8, 10, 11, 13, 16 In Atlanta, using a spatial resolution of 4 miles around each monitor, NO 2 may act as a surrogate for other pollutants emitted from internal combustion engines. In contrast to previous reports, we did not observe associations of preterm birth with CO, PM 2.5 , PM 10 , SO 2 , or O 3 .
One possible explanation for some of the null results could be an underestimation of effects due to the use of ambient measurements instead of personal exposures. By using a population-weighted spatial average in the 5-county analysis and conducting capture area analyses at a finer spatial scale, we attempted to improve longitudinal correlations between ambient measures and average population exposures. Nonetheless, bias toward the null may have obscured true effects. In addition to exposure measurement error, gestational age is known to be measured with error on birth records. 32 The degree and direction of misclassification, however, is likely to be independent of short-term changes in air pollution, and the reduction of power resulting from outcome misclassification was mitigated by our large sample size. Finally, as in previous studies, we could identify only conceptions resulting in a live birth; associations between early pregnancy air pollution exposure and preterm birth would be underestimated if air pollution increased the risk of fetal loss in addition to preterm birth.
In summary, we observed some evidence of an effect for NO 2 , PM 2.5 sulfate, and PM 2.5 water-soluble metals during late pregnancy on the risk of preterm birth. However, these findings should be interpreted with caution in light of the multiple pollutants and gestational windows investigated, and the lack of strong a priori evidence for an effect of these pollutants. Nonetheless, because small increases in risk associated with a ubiquitous exposure could have large public health impacts, the relationship between air pollution and preterm birth merits further investigation.
